Introduction
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Solid oxide fuel cells (SOFCs) offer a promising green technology of direct conversion of chemical energy of fuel into electricity. This technology is close to commercialization, but still a great effort has to be made to optimize the performance, durability and mechanical integrity of fuel cellls, which currently are among the largest market entry barriers of SOFC (Christiansen et al., 2013 ).
An SOFC is composed of at least three layers with thicknesses in the sub millimeter range; a porous anode, a gas tight electrolyte and a porous cathode (Singhal, 2000; Stambouli & Traversa, 2002; Malzbender et al., 2009 ) . Many of the commercial cells include an additional layer, which acts as a mechanical support on the anode side, the so-called anode support (Christiansen et al., 2013) . They are made of brittle ceramic components and when stacked and under operation conditions they are continuously exposed to stress from temperature gradients and external loads. These stresses might cause failures. Therefore, understanding the microstructure and stress distribution and changes during production and operation in particular layers is crucial for the integrity and thus the commercialization of the SOFC technology (Malzbender et al., 2005) .
In this work the authors demonstrate the great potential of energy-resolved neutron imaging for studies of phenomena related to both reduction reaction and stress, which take place in commercial SOFC anode supports. The state of the art material for anodes and anode supports is a cermet composed of Ni and YSZ (yttria (Y 2 O 3 ) stabilized zirconia (ZrO 2 )). The content of yttria varies between 3 mol%, which due to its high strength and toughness (Ghatee et al., 2009 ) is usually used for anode supports, and 8 mol%, which is used for anodes. Commercial anode support layers are often produced using tapecasting of an NiO-YSZ slurry. During the initial operation of the cell, NiO particles are reduced to metallic Ni (Klemensø et al., 2006 ) that will then act as an electrocatalyst in the operating cell. The porosity of anode supports and anodes required for fuel transport is obtained during this NiO reduction as well. Thus, the conditions in which this process is occurring determine the microstructure of the anode and anode support and significantly influence the mechanical and electrochemical properties of the fuel cell (Klemensø et al., 2006; Wang et al., 2006; Li et al., 2010; Moseley et al., 2011) .
Recently, Frandsen at al. have discovered two new phenomena in SOFC anode supports (Frandsen et al., 2014) . The first phenomenon was the tremendous deformation of the SOFC anode supports occurring at high temperature due to simultaneous exposure to reducing atmosphere and stress. The observed deformation was a few orders of magnitude bigger than deformation occurring at elevated temperature during exposure only to one of these factors (stress or reducing atmosphere). This effect is later called "accelerated creep". The second new phenomenon was the reduction rate enhancement due to the applied external stress (Frandsen et al., 2014) . These phenomena notably change the stress field in an SOFC stack (Sun et al., 2009; Frandsen et al., 2014) and influence the microstructure of the anode supports. In this work we demonstrate how energy-resolved neutron imaging can be applied to study these phenomena in greater detail. Observation of NiO reduction in pure solid NiO was studied with neutron Bragg edge transmission already by S. Vogel (Vogel et al., 2002) . Here, however, the 3 first energy-resolved neutron imaging measurements, i.e. with spatial resolution, of NiO reduction in the porous composite material for commercial SOFC anode supports are presented. This is not only a novel application of this technique, but has, as it is shown here, the potential for systematic studies of this crucial process with respect to different reduction conditions such as temperature, external stresses and atmosphere, as they might occur in operating SOFCs . In particular, this work is the first evidence of the feasibility of applying energy-resolved neutron imaging for observing and distinguishing of NiO and Ni phases within commercial SOFC anode supports with spatial resolution.
Experimental
Sample preparation
The influence of mechanical loading on the reduction reaction progress of NiO in material used for anode supports in commercial SOFCs, i.e. NiO mixed with 3 mol% YSZ (3YSZ) has been investigated. Typical thicknesses of anode supports for solid oxide fuel cells are in the range between 300 µm and 1 mm (Hecht et al., 2005; Patel et al., 2012) and layers of different thicknesses within this range were studied. Standard anode supports of SOFC produced at Technical University of Denmark (DTU) are 300 µm thick and are produced using tape-casting. A detailed description of this fabrication procedure can be found elsewhere (Ramousse et al., 2007) . Layers thicker than 300 µm were obtained by stacking and hot pressing (200 kN applied for 1 min) of several layers (4-5) of the DTU standard anode support tape. After hot pressing at 130ᵒC, layers were sintered. This process was conducted in the following steps: heating with rate 15ᵒC/h for 4h at 600ᵒC, heating with rate 60ᵒC/h for 12h at 1315ᵒC, and then cooling with rate 60ᵒC/h to room temperature.
The anode supports were reduced in an atmosphere of 9% H 2 and 91% N 2 at different temperatures (in the range 600ᵒC -800ᵒC). Each sample was heated in air, and the reduction atmosphere was applied at the desired temperature. During heating, reduction and cool-down, external stress was applied to the sample (by applying constant force) and deformation of the sample due to the external load was observed in-situ using a camera placed in front of the window in the furnace (fig 1b) .
In the first phase of this research a series of experiments has been conducted with samples held at different temperatures with external stress applied, after which the samples were totally reduced. The initial elastic bending was small, and significant bending of the samples ( fig. 2 ) was observed only after applying the reducing gas atmosphere in the furnace. This indicates that accelerated creep only occurs during the reduction of NiO (Frandsen et al., 2014) . Thus, an approximated time for the reduction process could be derived from the duration of the observed bending process. A strong dependence of the reduction progress on the temperature was observed, and according to these results, it was possible to roughly estimate the time needed for a certain degree of partial reduction of the anode supports at different temperatures.
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In the next phase the dependence of the reduction rate on the external stress was studied. A set of samples with possible differences in reduction rates on opposite sides of the sample due to different stress fields (compression or tension) induced on either side were prepared. These samples were reduced at three different temperatures (650ᵒC, 700ᵒC and 800ᵒC) and with different amount of stress applied using the fixture shown in fig. 1a . The reduction processes were interrupted at different stages and samples with different reduction rates, i.e. different content of Ni and NiO phases, were obtained.
This was achieved by fast cool-down of the samples by not only cooling the whole furnace (300ᵒC/h), but also moving the samples within a few seconds to a region in the furnace with much lower temperature (300ᵒC, 350ᵒC and 450ᵒC, respectively) while switching the atmosphere to pure nitrogen.
Details of the specific preparation processes are provided in table 1.
Energy-resolved neutron transmission measurements
Energy resolved neutron imaging, i.e. transmission studies with spatial and wavelength resolution, do in principle allow the investigation of different reduction rates within a sample, due to crystalline phase dependent elastic scattering from the sample. When neutrons pass through a polycrystalline material, coherent elastic scattering of neutrons takes place and decreases the intensity of the transmitted beam (Fermi et al., 1947) . For a specific crystal lattice spacing ℎ such Bragg scattering depends on the orientation of crystallites to the incident beam and the neutron wavelength , according to Bragg's law:
As long as the angle between the incoming beam and the corresponding specific crystal lattice planes (hkl) is less than or equal to 2 Bragg scattering can take place at a certain wavelength. In fact, for = 2 , the sine becomes equal to 1, and = 2 . At wavelengths longer than that consequently no such scattering at the corresponding lattice planes can take place anymore and the attenuation coefficient drops dramatically. These features in the wavelength dependent attenuation spectra are referred to as Bragg edges, which thus provide measures of the lattice spacings ℎ , that are present in a sample. Similar to diffraction peaks measured at corresponding scattering angles, the specific transmission signal of Bragg edges can be used to achieve various crystallographic information e.g.
crystal structure, crystalline phases present in a sample or distortions of the lattice plains due to strain (Vogel, 2000; Santisteban et al., 2001 Santisteban et al., , 2002 Iwase et al., 2009; Josic et al., 2011; Lehmann et al., 2011; Woracek et al., 2011 Woracek et al., , 2014 Kardjilov et al., 2012; Tremsin et al., 2012a) . Since this technique is based on measurements of transmitted radiation, experiments can be performed in an imaging geometry and hence provide a means to correlate the measured crystalline properties with spatial information (Santisteban et al., 2001 (Santisteban et al., , 2002 Iwase et al., 2009; Josic et al., 2011; Lehmann et al., 2011; Woracek et al., 2011; Kardjilov et al., 2012; Tremsin et al., 2012a) .
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The principle of the Bragg edge transmission and imaging techniques are provided in more detail in (Vogel, 2000; Santisteban et al., 2001 Santisteban et al., , 2002 Iwase et al., 2009; Josic et al., 2011; Lehmann et al., 2011; Woracek et al., 2011; Kardjilov et al., 2012; Tremsin et al., 2012a) . A precondition for such measurements is however to be able to achieve suitable neutron energy, i.e. wavelength, resolution. At continuous neutron sources this can be obtained by utilization of either monochromators (Treimer et al., 2006) , energy selectors (Santisteban et al., 2001; Lehmann et al., 2011) or choppers . Although also in the latter case a time-of-flight (TOF) approach (Vogel, 2000; Santisteban et al., 2001 Santisteban et al., , 2002 Iwase et al., 2009; Tremsin et al., 2012a ) is applied, this specific technique is most efficiently applied at pulsed neutron sources, where the initial neutron pulses are short and the significant distance from the source (15-50 m) enable high wavelength resolution (Strobl, 2009) . For this study, measurements have been conducted using both a monochromator setup at the reactor neutron source (continuous source) of the Helmholtz Zentrum Berlin (HZB) and the TOF method at the pulsed spallation neutron source of the Rutherford Appleton Laboratory (ISIS) (Zhang et al., 2013) .
At ISIS (Zhang et al., 2013) , TOF transmission measurements were performed at ENGIN-X, an engineering diffractometer that can be equipped with a TOF imaging detector. The transmitted beam intensity was measured using a micro-channel plate (MCP) detector with a pixel size of 55 µm (Tremsin et al., 2012a; . At a pulsed spallation neutron source, a polychromatic neutron pulse is produced by the source and neutrons with different energies / velocities reach the detector after different flight times. The flight path (L) at ENGIN-X was fixed to 50 m, and the wavelengths of neutrons could therefore be calculated from:
where h is the Planck constant, and m is the neutron mass. The samples were placed as close to the detector as possible (1 cm), in order to achieve the best possible spatial resolution (approximately 180 micrometer). The field of view was 2.8 cm diameter circle, which was sufficient to measure several samples at once. In order to normalize the images, the open beam intensity was measured as well. The wavelength resolution of this approach is given by the burst time of the source pulse and the TOF, which is dependent on the instrument length L and the wavelength. The usable wavelength range is given by the source frequency, if no pulses are suppressed by additional choppers. For the presented measurements a two-fold pulse suppression mode was utilized, providing a spectrum from 1.4 Å to 6.0 Å. The wavelength resolution was around 0.04% (depending on the wavelength), which is significantly better than required. Thus, the recorded data were binned, leading to sufficiently smooth spectra.
6
In addition to SOFC supports, at ENGIN-X reference pellets of pure 3YSZ were measured in order to define the positions of the Bragg edges of 3YSZ and their respective relation to, i.e. potential overlap with Ni and NiO edges.
Further neutron imaging measurements were conducted at the reactor neutron source of the Helmholtz Zentrum Berlin using the CONRAD instrument . Energy resolved transmission measurements were performed in the wavelength range 4.00 Å -4.30 Å in steps of 0.01 Å with a wavelength resolution of 3%. The monochromatic beam was achieved with a double-crystal monochromator (Treimer et al., 2006) . The total time of exposure for each step was 10 min, but for better quality of normalization of the data five radiographs were measured, each for 2 min for each wavelength. The whole experimental procedure was repeated without samples in order to measure the open beam intensity, which was necessary for the normalization of the images. Normalized data was calculated from eq. 3, where both -open beam intensity and dark field images , measuring the background noise with closed experiment shutter, are taken into account. In this case, a constant average value of dark field , which is dominated by the readout noise of the camera system was subtracted.
As a detector, a standard setup consisting of a 6 LiF scintillator and CCD camera with 30 µm pixel size was used, providing an intrinsic spatial resolution of about 60 µm.
Scanning electron microscopy
The microstructure and the composition of the samples was investigated for selected samples by a scanning electron microscope (SEM) Zeiss SUPRA 35 equipped with a field emission gun and an
Noran energy dispersive X-ray spectroscopy system and operated at 15 kV. Cross sections of the samples were embedded in epoxy resin, polished and covered with a nanometer thin carbon layer. The standardless EDS analysis was performed using the Thermo Scientific NSSsoftware to determine the chemical composition. Figure 3 shows SEM micrographs acquired with the back-scattered electrons (BSE) detector of the cross section of the sample B measured for an area close to the surface (a) and an area in the center (b). As seen in the SEM images significant differences in microstructure and phases can be observed between the center and the surface of sample B. The differences in contrast indicate the presence of different phases (3YSZ, NiO and Ni) in both samples. Decrease of pore and particle sizes near the surface Fig. 3 (a) (compared to the center of the sample Fig. 3 (b) ) is apparent as well (Klemensø et al., 2006) .
Results and discussion
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This work presents the first energy resolved neutron transmission imaging studies of NiO reduction in the porous composite material for commercial SOFC anode supports, which are in good agreement with theoretical data presented in (Allen et al., 1954) . Table 2 provides the set of samples analyzed at the two different neutron imaging instruments (names of the samples correspond to terminology used in table 1). observed. Such analysis shows that the sample was fully reduced to Ni (inside only the Ni phase is apparent), and later re-oxidized at a thin surface layer, which apparently took place during cooling down in air.
Measurements at ENGIN-X
The results achieved at ENGIN-X at ISIS clearly indicate the feasibility of the method for detecting and distinguishing of Ni and NiO phases in SOFC anode supports with spatial image resolution, which has been later confirmed by EDS measurements at selected positions. The average amount of Ni in both areas was found by EDS to be constant, but the content of oxygen close to the surface was found to be significantly higher at the surface than in the center of the sample. Average mass 8 percentage of oxygen near the surface calculated for the area shown in the microscopy image presented in fig. 3a was 24%. In the center of the sample ( fig. 3b ) the mass percentage of oxygen was 11%. Thus, darker areas in figure 3a were identified as the NiO particles, and the brighter particles are composed of 3YSZ. Also decrease of pore sizes near the surface (3a) (in comparison to the center of the sample) indicates re-oxidation of Ni particles in this area (Klemensø et al., 2006) . We have also conducted a series of SEM investigations of cross sections of a sample before reduction and no variations in the microstructure were observed across the sample width. This supports the hypothesis that differences in porosity in the sample B occurred only during later treatment, and not during sample production. The Bragg-edge analysis is in contrast to the EDS analysis, non-destructive and averaging over a larger sample volume, and hence holds the potential of being applied in-situ. Such in-situ studies are already in progress as a follow-up to the research presented in this paper.
Measurements at CONRAD
Further studies were conducted at CONRAD at HZB utilizing a continuous source. In this case, Bragg edges were measured by scanning the wavelength using a double-crystal monochromator (Treimer et al., 2006) , meaning that an image at one particular wavelength is measured at any one time. It is therefore reasonable to limit the wavelength range to the minimum required (also considering the measurement times such approach implies at a medium flux source). According to the initial results and theoretical data (Allen et al., 1954 ) the probed wavelength range was therefore limited to 4.00 Å-4.30 Å. This range includes the most distinct Bragg edges for both NiO ((200) at 4.17 Å) and Ni ((111) at 4.06 Å), which also do not overlap with any of the 3YSZ edges.
Using this setup, anode supports in three different reduction stages have been measured: not reduced, completely reduced (without external load) and one, which was only partly reduced under applied external load (using the setup presented in fig. 1 with a load weight 2,2N). Therefore, the phase transition can be determined by the change of the slope of the measured edge.
The plots made for different regions (slices) for samples A and C show the characteristic edges for NiO (200) and Ni (111), respectively, and they don't exhibit significant differences within the different slices. Shift of the curve up or down without a slope change can be a result of differences in alignment of the samples (e.g. due to limited spatial resolution it can be difficult to define the edge of sample on the radiograph, the limited spatial resolution leads to limited alignment of the sample edge 9 parallel to the beam as well as to overlap of attenuated and open beams on the detector in such area).
However, these problems will only shift the curve up or down but not affect the position or the slope of the edge.
The plots in figure 6a show the Bragg edges for the compressed side, the centre area and the tensioned side of the sample C (partially reduced under external stress). Differences in the Bragg edges for these three regions are apparent and it is clear that on the compressed side, higher amounts of Ni phase are present than on the tensioned side. The difference between the two sides of the sample is more evident in Fig. 7 , which presents the plots of first derivatives with respect to wavelength of the macroscopic cross sections of a) compressed side and b) tensioned side of sample D (red lines) with reference curves: for reduced sample (blue line) and nonreduced sample (green line).
These results indicate a correlation between compressive stresses applied to the anode supports and the early stage reduction rate in the material under conditions (temperature and atmosphere) similar to during SOFC operation. In particular, the observation of a higher content of the reduced Ni phase on the compressed side of the sample can indicate that external compression stress applied to the material can accelerate the reduction reaction. No such asymmetry in amount of reduced phase was observed in the reoxidized sample B, which was produced without applying stress. The presented qualitative analysis underlines the potential of the used method of energy resolved neutron imaging for studying this phenomenon. Further investigations of anode supports at numerous different stages of reduction could hence be well suited to provide quantitative relations between reduction rate and parameters like reaction time, temperature and stress, which are crucial not only for the understanding of such processes taking place in operating SOFCs limiting their lifetimes, but subsequently also for improved sustainable material developments and designs. Such studies will be published in a separate manuscript focused on this.
Conclusion
This work presents the results of Bragg edge transmission imaging measurements of reduced, nonreduced and partly reduced anode supports of SOFCs performed at ENGIN-X (ISIS) and at CONRAD (HZB) instruments. The experiment conducted at ENGIN-X using a TOF approach has demonstrated the suitability of the method to distinguish the different phases present in the material while achieving sufficient spatial resolution to investigate gradients over the thickness of the investigated layers. The superior wavelength, i.e. energy, resolution at this TOF instrument as compared to the CONRAD instrument at a continuous source, allowed to clearly resolve corresponding Bragg edges and to identify the most distinct edges allowing for studies at the latter. Accordingly at CONRAD, providing superior spatial resolution, not only reduced and non-reduced samples, but also one anode support sample, which was stressed during reduction process, have been measured. In this only partly reduced sample the energy resolved neutron imaging measurements have, despite the limited energy 10 resolution, provided clear evidence for different amounts of the reduced phase with respect to different sides of the sample. This is supporting a recent hypothesis that asymmetrical reduction rate can be caused by an asymmetric stress field in a sample, like applied during reduction of the respective anode layer (compression on one side and tension on the opposite side). The result further implies an accelerating influence of compressive stress on the reduction reaction.
Hence, this research clearly demonstrates that not only temperature and reducing atmosphere, which were considered in previous studies (Klemensø et al., 2006; Li et al., 2010; Moseley et al., 2011) , but also external stress during reduction of anode supports affects the reduction process significantly.
Since this process determines the microstructure development and future electrochemical properties of such layers in an SOFC, which in realistic operation conditions are always exposed to stresses, understanding the correlation between external stress and reduction progress is of significant interest for the cell design and performance optimization. The presented research establishes a first proof of principle for the potential use of energy-resolved Bragg edge imaging to study mentioned processes, since the ability to detect and distinguish the Ni and NiO phases in anode supports with the required spatial resolution has been demonstrated in this work. Moreover, it is expected that due to the excellent scattering properties of Ni, even a very short exposure time (minute(s)) can provide sufficient statistics to distinguish different phases in the investigated material. This shows a great potential of Bragg edge imaging for in situ observation of reduction progress in SOFC. Such measurements could be performed even in whole cells under operation conditions, which, to our best knowledge, is not possible with any other technique at the present time. 
